Background A variety of previous studies have demonstrated reduced diastolic potential and electrical activity in atrial specimens from patients with heart disease. Although K' channels play a major role in determining resting membrane potential and repolarization of the action potential, little is known about the effects of preexisting heart disease on human atrial K' channel activity.
Methods patients) than those from donors (-73.0±7.2 mV, n=4 patients, P<.001). The action potential duration in HF was longer than that in donors. Although acetylcholine (ACh) shortened the action potential, reduced the overshoot, and hyperpolarized the atrial cell membrane in HF, these effects were attenuated compared with those observed in donors. The whole-cell membrane current slope conductance in HF was small, the reversal potential was more positive, and the sensitivity to ACh was less compared with donors. In singlechannel recordings from cell-attached patches, IKI channel conductance and gating characteristics were the same in HF P revious studies have demonstrated that normal human atrial tissue shows normal electrophysiological characteristics similar to those from other mammals, whereas atrial specimens from patients with heart disease often exhibit low resting membrane potentials. [1] [2] [3] [4] [5] In addition, studies using experimental animal models with primary heart disease revealed low resting membrane potentials.6'7 The basis for the low resting potential includes the increase and/or decrease in transmembrane ion permeabilities as well as the level of Na,K-ATPase activity in atrial tissue from diseased patients.5
Membrane K' conductance is increased by acetylcholine (ACh) in a variety of cardiac tissues from many species. [8] [9] [10] The activation mechanism of muscarinic K' channels [IK(ACh)] has been studied extensively in atrial cell membranes and was shown to involve the M2 cholinergic receptor-coupled G protein, Gi.11-13 The electrophysiological response to ACh in human atrial myocytes has been shown to be qualitatively similar to that in guinea pig atrial cells under whole-cell voltageclamp conditions; ACh shifted the reversal potential of the membrane current in the hyperpolarizing direction, indicating an increased contribution of the current to resting membrane potential.14 Recently, however, our laboratory characterized the human atrial IK(ACh) and demonstrated that the density of IK(ACh) in diseased human atrial myocytes was low compared with that in other species.15 A similar observation was made in human atrial IK(ACh) by Heidbuchel et al. 16 However, these studies did not evaluate the normal human heart, 2214 Circulation Vol 90, No 5 November 1994 leaving several important questions unanswered concerning the influence of disease on electrophysiological function. In addition, the transient outward current has also been reported to be altered in myocytes dispersed from dilated and diseased atria. 17 In this study, we focused on two major native K' channels in atrial myocytes isolated from adult patients with heart failure: IKACh) and the inwardly rectifying K' channel (IK1). We compared their properties with those from normal atria to determine whether preexisting heart disease alters the behavior of these channels. This question is all the more important because these two K' channels provide the major current contributions to atrial resting and action potentials16'18-20 and because IK(ACh) is the major effector of ACh stimulation in atrial myocytes. 8, 9 Methods Human Cardiac Specimens Adult human atrial specimens were obtained from explanted hearts of transplantation recipients and from patients undergoing cardiac surgery. Institutional and National Institutes of Health guidelines for human experimentation were followed in obtaining surgical specimens and informed consent was obtained from all subjects. A total of 30 congestive heart failure patients (HF) were studied (32 to 68 years old; median age, 50 years). Twenty-three patients were men and 7 were women. Twenty-two patients underwent surgery for ischemic heart disease (IHD), 5 for valvular heart disease (VHD), and 3 for ischemic heart disease with valvular heart disease (IHD+VHD). All 
Data Analysis and Statistics
To achieve quantitative comparisons, mean values were calculated from multiple data obtained from one patient (heart) and used as one datum. We could not simply compare the data from different patient groups as a whole, because the variability of data for each patient results in a deviation from the mean value if the number of data are not balanced between patients. Thus, throughout this paper, n refers to the number of hearts, not cells, unless otherwise stated.
The results are expressed as mean±SD. Statistical analyses were performed with Student's t test or one-way ANOVA only when the data were suited for parametric tests as judged by normality and equal variance tests. When the data were not suitable for parametric tests, we used a Mann-Whitney ranksum test (Wilcoxon rank-sum test) for data comparisons. To consider the interpatient and intrapatient variability, each data comparison was also evaluated with a two-way ANOVA. In addition, an ANCOVA was used to determine the influence of age and sex in each comparison, unless (phase 3) was slower than in the donor, so that the action potential duration at 90% of repolarization was longer in HF than in the donor. The action potential plateau amplitude, overshoot, and the depth of the notch (following the overshoot) were greater in donor than in HF. Bath application of ACh (1 ,umol/L) caused a shortening of the action potential duration, shifted the plateau level to more negative potentials, and increased the resting membrane potentials in both groups. However, these responses to ACh in myocytes from HF were much less than those from donors. Table 1 the background IK1 between the two groups in more detail, Ba2`(1 mmol/L) was introduced to the bath solution. Fig 3A illustrates the I-V relations of the Ba2`-difference (sensitive) current obtained by subtracting the current in the absence of Ba2`(control) from that in the presence of Ba2`in both groups. The averaged slope conductance measured at the reversal potential was 6.5 ±0.7 nS (n=3) in HF and 14.2± 1.9 nS (n=3) in donors. The slope conductance in donors was significantly greater than in HF (P<.001), indicating that the contribution of Ba2+-sensitive K+ conductances to the membrane current is smaller in HF than donors. In addition, the increase in whole-cell currents by ACh in HF was less than in donors. Fig 3B illustrates 6 .6% in donor (at HP= -60 mV). Table  3 summarizes the gating parameters of both groups. No significant interpatient differences were detected in these comparisons. Although channel characteristics were similar in both groups, the number of functional channels (incidence) and P0 were lower in HF than in donors. Fig 6 illustrates ACh concentration (gM) FIG 6 . Concentration-dependent activation of muscarinic K' channels in atrial myocytes isolated from heart failure (HF) and donor heart in cell-attached patch recordings. Relation between the concentration of ACh in the pipette solution and channel NP. of functional channels (density) and/or reduced activity of individual IK(ACh) channels.
Coupling of G Proteins to Muscarinic K' Channels in Atrial Myocytes Isolated From HF and Donors
Recent studies using inside-out patch recordings showed that M2 cholinergic receptor-linked G proteins (G1) are involved in the activation of IK(ACh) in human atrial myocytes similar to other mammalian species.15,'6 G protein-mediated activation of atrial IK(ACh) was examined in myocytes isolated from both HF and donors by use of the excised inside-out patch configuration.
In the presence of ACh (1 gmol/L) in the pipette solution, IK(ACh) activity was observed in cell-attached patches in myocytes from HF and donor atria (Fig 7A) (Table 4) evaluated by a method similar to that previously described by Okabe et al.30 In addition, the channel open events were less frequent in myocytes from HF than from donors (see insets in Fig 7A) . After washout of GTP from the bath, channel activity disappeared in both patches. In addition, the time to channel closure in HF was significantly less than that in donor (Table 4) . Fig 7B illustrates concentration of GTP (10 j,mol/L). Similar to A, the channel from HF activated with a significant delay after application of GTP compared with donor heart, and channel activity in HF disappeared faster during washout of GTP than in donors. C, Relation between concentration of GTP and channel NP0 (%) in HF (a) and donor (o) heart. GTP concentration at half-maximal channel activation was 29.8 ,umol/L in HF and 6.6 ,umol/L in donor heart. Vertical bars through each point represent SD from 3 to 7 patients (8 to 22 cells) with HF and from 3 or 4 donors (9 to 14 cells). in atrial myocytes isolated from heart failure (HF) and donor heart in excised inside-out patch recordings. A, Original current recordings of atrial myocytes isolated from HF and donor heart at HP=-60 mV under inside-out patch conditions. Acetylcholine (ACh) was absent from the pipette solution in both cases. No channel activity was detected in the initial segments of either trace. Application of GTPyS (100 ,umol/L) to the bath solution caused the activation of channels in both cases in a manner similar to that which occurred with GTP. Channel activation by GTPyS in the patch from HF heart exhibited a significant delay gtmol/L in both groups. Channel reactivation by GTP was significantly slower and the channel closure after washout of GTP was significantly faster in HF than in donors. These differences were observed at every concentration of GTP tested (Table 4 ). In addition, channel activity in HF was less than that in donor. channel activity on GTP concentration in myocytes isolated from HF and donor atria. Channel activity was estimated by NPO. Overall average values of NP0 were calculated at concentrations of GTP ranging from 0.1 to 500 ,umol/L in each group. The concentration-dependent activation of IK(ACh) was fitted by Equation 2. The relation between the concentration of GTP and singlechannel activity fit with values for the Hill coefficient of 1.7 for HF atria and 1.8 for donor atria but showed a higher sensitivity to GTP in donor (KD= 6.6 gmol/L) than in HF (KD=29.8 ,mol/L) as well as a greater maximal response to GTP. Fig 8A illustrates similar inside-out patch experiments using GTPyS instead of GTP with no ACh in the pipette solution. Although application of GTPyS (100 ,umol/L) to the bath solution resulted in activation of IK(ACh) in both experiments, the patch from HF exhibited a delay in channel reactivation and less channel activity compared with donor heart. The half activation time by 100 ,umol/L GTPyS in myocytes from HF was 231+±26 seconds (n=8) compared with 37±8 seconds (n=3, P<.001) in donors. A difference in the delay of channel activation was also observed at different concentrations of GTPyS; the half activation time by 10 ,gmol/L GTPyS in myocytes from HF was 299±28 seconds (n=6) compared with 40±8 seconds (n=3, P<.001) in donors. In contrast to GTP, channel activity was irreversible following washout of GTPyS from the bath solution in both groups. Fig 8B illustrates the dependence of single IK(ACh) channel activity in HF and in donors on GTPyS concentration as estimated in a manner similar to GTP-dependent channel activation in the presence of ACh (Fig 7C) . Values for the Hill coefficient were once again similar in HF (1.8) and in donor (1.8) atria. In addition, the relation between the concentration of GTPyS and single-channel activity showed that the apparent KD in HF atria (13.1 ,umol/L) was about fourfold greater than in donors (3.3 ,gmol/L) and that maximal NPO was greater in donors than in HF. There were no significant interpatient differences in these comparisons. These results suggest that both sensitivity to and magnitude of G protein-mediated activation of IK(ACh) are diminished in HF compared with donors.
The GTP dependence of individual channel activity was directly compared between atrial myocytes isolated from HF and donor heart by estimating the PO values for ACh-and GTP-activated channels. Fig 9A) . Upon formation of an excised inside-out patch, channel activity was completely abolished but reappeared after application of GTP (100 gmol/L) to the bath solution with a PO value of 4.9±0.4% (n=10). Channel activity was abolished after washout of GTP from the bath solution. In myocytes from donor atria, the overall averaged PO value in the cell-attached patch configuration was 6.7±0.6% (n=4) and the value of GTP-activated channels was 7.4±0.6% (n=4, Fig 9B) . The averaged P0 values of both the ACh-and GTP-activated channels in HF were lower than those in donors (P<.001). In contrast, the level of ACh-activated channel activity was not significantly different from that of GTP-activated channel in both groups, suggesting that signal transduction between the M2 cholinergic receptor and the G protein is not altered in HF.
Discussion
The major findings in this study are as follows: (1) Resting membrane potential in isolated atrial myocytes from HF heart was depolarized compared with donor. ( 2) The plateau amplitude and duration of the action potential in HF were significantly reduced compared with donors. Although ACh hyperpolarized the resting potential and shortened the action potential in HF, these effects were diminished compared with donors. ( 3) The whole-cell membrane current conductance was Characteristics of IK1 and Muscarinic K' Channels in Atrial Myocytes Isolated From HF Heart Single IK1 and IK(ACh) channels in myocytes isolated from HF exhibited individual channel behavior similar to that in myocytes isolated from donor heart, with the exception of a lower PO value of IK(ACh) channels in HF. The channel gating characteristics were not different from those previously reported in human atrium1516 and in other mammalian species.9,13,39-41
One of our most important observations is that the channel density of both 'K1 and IK(ACh) in HF was lower than in donor heart. The lower channel incidence in single-channel recordings was consistent with a reduced whole-cell current density in HF. Previous studies suggested that the density of IK(ACh) in atrial myocytes isolated from diseased human hearts was lower than in other species.15,16 However, it was unclear whether or not this difference was due simply to a species difference or to the influence of disease. In the present study, the whole-cell ACh-sensitive current magnitude in HF was significantly less than in donors, and single IK(ACh) channel incidence and PO were lower than in donors. These results suggest that reduced atrial IK(ACh) channel density in HF may be associated with heart disease and not due to species differences.
The loss of M2 cholinergic receptor (downregulation) may be, in part, responsible for the reduced channel density. A reduction in the density of muscarinic receptors and an alteration in agonist binding have been demonstrated in a canine model of heart failure.42 However, aside from the possible downregulation of M2 receptors, the major alteration in individual IK(ACh) activity in HF was the reduced channel sensitivity to GTP and GTPyS. Excised inside-out patch experiments with GTP and GTPyS allowed the direct comparisons of M2 between the two groups and excluded possible influences of receptor downregulation, agonist-receptor binding affinity, and signal transduction from receptor to G protein. The 
Limitations and Clinical Implications
One limitation of this study was the small number of donor hearts evaluated. The availability of healthy donor hearts is usually limited in in vitro studies of human heart. However, our statistical treatment using the mean values from multiple data for each heart, the two-way ANOVA, and ANCOVA (see "Methods") effectively eliminated the statistical errors generated by using a different sample size for each heart. We found that the electrophysiological properties of myocytes obtained from donor hearts as well as HF were quite homogeneous within each group. Thus, there were no significant interpatient differences associated with age, sex, and other factors in the present study, and HF was the only factor that influenced the intergroup comparison.
The reduced sensitivity of IK(ACh) to ACh in HF compared with donors suggests the potential importance of parasympathetic activity in electrophysiological properties of human heart. Withdrawal of parasympathetic tone is reported in patients with congestive heart failure and a pacing-induced canine model of congestive heart failure.49-51 Because enhanced sympathetic tone is recognized in patients with heart failure,52 54 reduced response to ACh may influence autonomic control of the failing human heart. Study of electrophysiological responses to parasympathetic stimulation under in vivo conditions may provide further information about the changes in response to ACh in HF. Our results suggest that further study of the influence of HF and other cardiac disease on intracellular signaling is likely to provide important insights into alterations in ion channel function that may serve as the basis for altered receptor-linked G protein (G,) coupling of the channel electrophysiological properties in heart disease.
